C onduit arteries deliver oxygenated blood to tissues. When the demand for oxygen increases in a tissue, such as in muscle during exercise, blood flow and velocity increases. Conduit artery diameter increases in this setting. This physiological response occurs because endothelial cells sense shear forces and respond by modulating the production of nitric oxide, a key endothelial-derived vasodilator. Shear stress is the frictional force exerted by flowing blood on endothelial cells and is dependent on the velocity at the blood boundary layer. 1 In arteries, shear stress varies throughout the cardiac cycle, being high during systole and low during diastole, with a time-averaged shear stress typically 10 to 20 dyne/cm 2 . When the velocity of blood changes, it is known that arteries dilate or contract, which serves to normalize wall shear stress to a physiological level of 10 to 20 dyne/cm 2 . If flow is altered for a prolonged period, arteries undergo an inward or outward remodeling process that permanently normalizes wall shear stress.
See accompanying article on page 2042
In straight arterial segments, blood flow is uniform laminar, that is, parabolic and unidirectional throughout the cardiac cycle. In contrast, at inner curvatures, bifurcations and branch points flow is disturbed laminar, meaning that it is complex but predictable, with the directionality reversing during diastole and a stagnation point moving with the cardiac cycle. The time-averaged shear stress is low in these regions. Turbulent flow, characterized by irregular, unpredictable, or chaotic fluctuations, occurs rarely in humans and almost never in rodents because flow is rapidly stabilized in vessels with a small diameter.
Although disturbed flow is prevalent at specific anatomic locations, the artery does not remodel perhaps because these regions include only a minor portion of the arterial circumference. This is a key concept, given that atherosclerotic plaques and aneurysms have a predilection for these sites of disturbed flow. Importantly, endothelial cells in disturbed flow regions experience various cellular stresses (eg, oxidative, endoplasmatic reticulum) and exhibit unique homeostatic properties manifested by altered morphology and differences in gene expression patterns, such as changes in the production of matrix and proinflammatory molecules. 1 Disturbed flow regions also exhibit a chronic low-grade inflammatory response characterized by recruitment of circulating monocytes and the accumulation of myeloid cells in the intima. 2 Normally, the chronic inflammation associated with these changes in endothelial cell function does not lead to pathology. Yet these sites are predisposed to the rapid development of atherosclerosis in the setting of systemic risk factors, especially hypercholesterolemia. It is still debatable whether the absence of uniform laminar flow, the direct effect of disturbed laminar flow, or a combination of both, predisposes an arterial region to atherosclerosis. Disturbed flow also promotes cerebral aneurysm formation, such as in the context of preexisting genetic defects, although molecular mechanisms have not been elucidated. 3 The effects of disturbed flow on endothelial cell biology have been studied extensively in the inner (lesser) curvature of the aortic arch ( Figure) . The hemodynamics of this region have been evaluated and modeled extensively, especially in the mouse. More recently, and the focus of an article in this issue of ATVB, arterial ligation models have also been used, again in the mouse. 4 Surgical ligation of downstream branches dramatically (>90%) reduces blood flow in the left common carotid artery and suddenly reverts uniform laminar flow to disturbed laminar flow. 5 A reduction in flow should trigger inward arterial remodeling, yet outward remodeling occurs, possibly because of the extreme nature of flow reduction, the robust inflammatory response, 6 and breakdown of medial immunoprivilege. In the setting of hypercholesterolemia, the partial ligation model induces robust atherosclerotic lesion formation in the carotid artery. 5 In this issue of ATVB, Murphy and Hynes 4 present elegant studies addressing the role of disturbed blood flow on the production of a key extracellular matrix protein. They report that low and reversing flow in mice, induced by partial carotid ligation, had a profound effect on the functional properties of fibronectin produced by vascular endothelium. Alternative splicing of the mRNA for fibronectin can affect the structure and function of the protein. During development, the default fibronectin splicing pattern includes the EIIIA and EIIIB exons. After birth, this splicing pattern changes, and adults express little EIIIA or EIIIB. Of interest, a variety of forms of vascular insult again leads to the inclusion of these alternatively spliced exons. For instance, the inclusion of EIIIA and EIIIB has been noted in mRNA isolated from human aneurysms. What happens to the function of fibronectin and what causes this change? Murphy and Hynes 4 provide compelling evidence that disturbed flow leads to changes in the mRNA splicing of fibronectin in endothelial cells. Inclusion of exon EIIIA and exon EIIIB, arguably induced by macrophages, was increased by partial carotid ligation in endothelium-enriched intimal preparations. When disturbed flow was induced in EIIIAB −/− mice, which are unable to include these exons, the mice developed focal vascular lesions with hemorrhage and hypertrophy of the vessel wall. Acute deletion of floxed wild-type fibronectin alleles in endothelial cells caused similar defects in response to disturbed flow. A comprehensive series of cell-specific knockouts provided strong evidence that splicing of the endothelial cell fibronectin mRNA was key. This suggested to the authors that EIIIA and EIIIB inclusion exerted a functionally important protective effect. 4 Why is this article noteworthy? This novel work represents a newer paradigm for the effects of disturbed flow on endothelial gene expression. Before the work of Murphy and Hynes, 4 disturbed blood flow was not known to affect the mRNA splicing of a functionally important endothelial cell gene product. Historically, the effects of shear stress or disturbed blood flow on endothelial cells has focused on changes, either increases or decreases, in the steady-state levels of mRNAs. 7 For example, we have noted decreases and increases in the expression of endothelial nitric oxide synthase and the p65 subunit of the nuclear factor-κB transcription factor in the inner curvature of the mouse aortic arch, respectively (Figure) . [8] [9] [10] In the case of endothelial nitric oxide synthase, we now know that laminar flow increases transcription, whereas disturbed flow decreases transcription of the endothelial nitric oxide synthase gene. Shear stress response elements and Kruppellike factor DNA motifs are 2 representative cis-DNA binding sites that have been implicated in the effects of shear stress on endothelial cell gene transcription. 11 However, chromatinbased or epigenetic mechanisms of transcription, which are distinct from classical cis/trans paradigms, have recently been implicated in the effects of disturbed flow on endothelial cell gene expression. 12, 13 For example, disturbed flow increased the DNA methylation of the proximal promoter region of the Kruppel-like factor-4 transcription factor. 14 DNA methylation inhibits gene transcription. 15 Work from others suggests that global pathways of DNA methylation are also affected, perhaps by changes in the functional activity of DNA methyltransferases. 16 The current article from Murphy and Hynes 4 teaches us that changes in the structure of mRNAs is also functionally relevant to understanding how changes in gene functions are mediated at sites of disturbed flow. From this perspective, the authors are to be commended. Accumulating evidence that changes in mRNA stability and RNA translational efficiency, mediated by altered microRNA expression, are other post-transcriptional mechanisms that are also modulating endothelial gene function in the setting of perturbations in local hemodynamics. [17] [18] [19] [20] We are reminded, therefore, that we have a lot of exciting new concepts to learn about how disturbed blood flow elicits these changes in endothelial mRNA transcription, epigenetics, mRNA processing, and post-transcriptional regulation.
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